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ABSTRACT

It is shown that antiproton-~proton annihilation at

rest into a X' and K' meson can provide information
about the spin of the X' if a number of assumptions are
Justified. These assumptions are :
1) +the K' has spin either zero or one, 2) the annihi-
lation occurs in an S-state, 3) the X' and K' decay
as free particles, 4) the background of annihilation
events which cannot be distinguished kinematically from
K'K! production is small. The method consists in showing
that if the XK' has spin one, it is extremely unlikely
that the angular distributions will be isotropic with
respect to all the angles specified by the production and
decay of the XK' and K'. The degree of anisotropy is not
unique. However, it would require a triple coincidence for
isotropy ; i.e. three relationships would have to hold
among the parameters specifying the interaction. If the
K' has spin zero, the angular distribution is of course
isotropic., All of the assumptions are open to some ques-
tion. Nevertheless, it may be possible to obtain some
evidence about the spin of the K'!' from the angular dis-
tributions, even if the assumptions are false.
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I. Introduction

- In antl—proton annlhllatlons at rest, 1t may be poss1ble to

1nterpret a number of events accordlng to the reactlon

| F’- * F‘ — K + R’ ()

‘where, K' is the meson 1) reported by Alston et al. 2) with mass 885 MeV,

full width 16 MeV, and known decay mode
, .
K '—sK+T. - (2)

4 It is proposed to use angular correlatlons in the decay of the K!
produced in reactlon (1) as a possible means to determine the spin of the
K!'. In partlcular, it will be shown that it is useful to measure the
angular distributions of the final products with respect to three different

ahgles, which will be defined in the next section. The point of looking

at three angles is the following : if the XK' has spin different from
zero, the angular distribution of its decay products may still accidently
be:isotrOPic. Hoﬁever, by looking at the decay of both XK' mesons,
angolar correlation measurements may be made with respect to two additional

angles which mlght still show anisotropy even in the case the angular

ddlstrlbutlon of a single K' is isotropic. A priori, it is extremely

unlikely that all three angular distributions will be isotropic if the

spin of the XK' is different from zero.

Another analysis, making use of cnly one of the angles considered

here, has independently been made by d'Espagnat, Prentki and Yamaguchi 5).

 Still another proposal, based on the reaction p+p — K?+K,» has been .
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made by M. Schwartz 4) .
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Our detailed gnalysistdepénds on the vaiidity of a number of
assumptions which are outlined below. However, it may be pbssible’to
obtain some information even if one or more of the assumptions is

incorrect.

1)  We assume the K' has spin either zero or one.

5)

2) We assume, following the arguments of Day, Snow and Sucher ~’, that

the annihilation at rest takes place from an S-state.

3) We assume that the K' and K' decay as free particles.

In view of the small (16 MeV) width of the K!, this assumption

is perhaps not too bad. Fach K! from the T p annihilation travels

. at about 1/3 the speed of light, and has a mecn decay length of

-13

o~ 4 x 10 m, somewhat 1onger than the range of inﬁeraction. In

addltlon to neglectlng dynamical final-state 1ﬂteract10ns, we neglecc

. any.. effect of Bose statlstlcs on the tvo flnal state plOnS.>L

4) We asstme there is only a small background of KK2 1~ events. which

- cannot be dlstlngulsed kinematically from the desired events.

o Whether this background will indeed be small is a mqtter‘tﬂat

“‘only expériment can decide. An estimate of background based on a simple
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‘model-taking into account the effect.of a T resonance, was made by

3)

d!Espagnat, Prentki and Yamaguchi ~ . These authors found that there is

a region in:phase space in whickh the reaction

P+p—K+K=T* —~>K+F+ 2T (3)

cannot be diétinguished kinematically from reaction (1). They show that
it is possible to select events so as to eliminate this interference.

Other sources of background of course remain.
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Of course, we also assume that the usual strong interacfioﬁ
conversation laws are valid in the production of the K'X' pair and
in their decéy. Also we make one very reasonable dynamical approximation
that the annihilation radius‘is small enough to exclude orbital
angular momentum I=3 for the Qutgoiﬁg_‘K'ﬁ' pair. This approximation
is made only for convenienge ; a more complete treatment is given in‘the

appendix.

In section II, we give a detailed analysis, treating the assumptions
as true. In section III, we briefly discuss the validify of the assumptions

and indicate how the analysis must be modified if they are incorrect.



II. The angular distributions

If the éﬁfiproton and proton annihilate in an S-state, the parity
of the system is odd, and the K'K' pair must be emitted 'in a state of
0odd orbital angular momentum L. Suppose first that the X' has spin
zers. Then the reaction cannot take place in the singlet state of the
P p System (total angular momentum J=0), since then I would be even
(zero) and parity would not be conserved. The reaction can go in the
triplet state, and of course, the angular distribution of the decay products

must be isotropic.

Next, suppose that the K' has spin ‘s=1, Then the reaction can
go either via the singlet or triplet states of P p. Since the reaction
amplitudes in these states are unknown, the angular distribution is not

unique.

Let us consider the case s=1 in greater detail. We distinguish

3 directions.

1) The line of flight of the K'K! pair,
2) the line of flight of the K and T in the rest system of the
K', and

%)  the line of flight of the K and TI in the rest system of the K.

First, consider that the reaction takes place from the singlet
state of P p. The total spin S of the K'K' system must be S=1
and must be combined with orbital angular momentum I=1 to give total
angular momentun J=0. Since the K and T from the decay of the X'
each have spin O, the quantum numbers (,Q,m) of their orbital angular
momentum will be the same as the quantum numbers (s=1, ms) of the spin
of the K'. (The same is of course true for the ' decay into K+77‘n)
Thus the angular part of the final state wave function will be an eigen—

function of three orbital angular momentum operators,each orbital angular
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momentum being equal to unity, and all three combining to form J=0. This

eigenfunction can easily be constructed from products of three spherical

~harmonics.

The amplitude A, for the reaction (1) is then of the form

A, = Clz(H/u.,m-—jillm)(llm)-m‘OO)\/l )\/' 1)Y(3)

where (j1j2m1m2 ]jm) are appropriate Clebsh-Gordan coefficients to make
J=0, a is a complex number specifying the amplitude of the reduced
matrix element for the reaction, and the Ym's are spherical harmonics
with arguments 1,2,3 spe01fy1ng the angles 8, @, 2{02, 5 (03

the threed;rectxonsdeflned prev1ously w1th respect to an arbltrary z

axis.

In the triplet state, the expression for the transitibn amplitude
may be simplified by making use of the invariance of the system under
charge conjugation C 6). The P p system is an eigenstate of C

(=1 )L+S '

with eigenvalue 1"Theh the K’ﬁ': must also be an eigenstate.

If annihilation occurs in the 381 state, C = -1, Since the K!K!
system has L odd, this implies that S is even. Thus if the X! and
K' nave spln 1, they can combine to form S=0 or 2, but not S=1.
L&kew1se, if ahnlhllatlon is from the 180 state, the total spln of
the K'K' must be S=1. (Thls is another reason for the reactlon belng

forbidden in the _130 state if the K' has spin 8=0).

If J={ (annihilation from triplet state), the orbital angular
momentum L of the K'E' must be I=1 or L=3. Since the relative
momentum of the K'K! pair is low, I=3 canmnot occur with an appreciable

amplitude for a reasonable interaction radius. An analysis including



I=3 is relegated to the appendix ; we neglect this amplitude in the
following.

The amplitudes A? for the reaction in the triplet state proceed-

ing from an initial state J=1, with projection M may be written

AM._[:)Z(/ ,~mfoo)(oloM]im y ;)Y ;)Y

+c5(u  meenl ) (2 e, Moalg) 0 Y ©

-
3

Whére 1bﬂ.and ¢ are complex numbers specifying the rédﬁoed'ﬁatfix
elements of the reaction corresponding to total spin S=0 and S=2°
respectively. The transition probability W(123) for the reaction
Bp —> K4K' <5 (K1) + (K+7) will be prdporfional to

wing s | ARy SIAME @

It is convenient to take direction 3 as the z axis and to
integrate over the angles Q71 and Q’Z' The resulting transifion
probability is denoted by w(e192) where 6,
line of flight of the K!' and the line of flight of its decay products

is the angle between the
in its own rest system ; and 62 is the angle between the lines of

flight of the decay products of the K' and K',v each measured in the
appropriate rest system. The quantity W(6162) is given by
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W) = L+ R (& Re - Peortq

+(2R-3 - L Rx =2Ry) cos? 8, "

+(;’_—+—§Rx +6Rtj) Lost 0, cos*e

This expression depends on three real parameters R, x and y whlch

are functions of the complex amplitudes a, b, and c¢ as follows‘v

_ bl e ek
alr ) {b\lﬂcP—’

Lt
3“ @—5:& > cosé 8

where é; is the relative phase between b and c. Note that these

parameters have restricted ranges

0<¢R4e0) 04x4l -1 2cosds|.

Integfatiﬁg» w(e‘e 5% éféf 62, we get the dist?ibﬁ%ion in the
variable 61 : |
w(e) = gw 6.0 54&0993 oc(., 4 Q Dx Rg)gmlg

+ Q(H ><+1wcog7~@ o
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It can be readily seen that this expression can be isotropic for allowed
values of the parameters. For this reason we also consider W(6162)

integrated over 61 to obtain the correlation function in 62. We get

wie;) = (w(,6,)dlwse,)

(11)
ocL-' Rx)sml@ + BR 1— §cos @

For both these angular distributions to be isotropic, a double coincidence
must occur, i.e. two independent relations between R, x and 6’ must
hold. Nevertheless}vsince‘isotropy can occur, it may be uéeful to cehsider
w(e192). This expression (Eg. 7) can be used by dividing the events into
two groups depending on whether © o say, is greater or less than 450,

and observing Whether there is anlsotropy in ©, for either group. For

1 :
the above expression to be 1sotrop10 the coefficients of cos 61 003292

2
and cos 61cos262 must separately vanish, This actually happens to be
possible for allowed values of R, x and cos 5’; the unique solution

is,
R=7/6, x=20/21. cos é; == 1 (12)

A priori, such a situation is extremely unlikely.

Alternatlvely to con81der1ng w(e 62), we can con51der the
angular dlstrlbutlon with respect to stlll another angle Q? This

angle is defined as follows : the direction of the K! and the dlrectlon

~-of itétdecay‘products establish a plane. The production and decay of the
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K' establish another plane. Then (p is the angle between these tuo

‘planes. This angular distribution in this variable can be found by
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returning to Eq. (5) for W(123). Letting direction 1 be the .z axis,

and integrating over 92 and © we obtain an expression which depends

, -3 -
on ((?2— @3,_ :,Which is justv'the‘ angle (69 dgfined above. The express—

ion is given by{i
W(e) < 1+ 3R +(2R-1-1Ry- ERX) 05 2. (13)

Unfortunately, if w‘(e192) is isotropic, so is Ww(G) , i.e. they are

. not -independent. Neverth“eless, it may be useful to measure both W(eTOZ)

2059

and W( @) to give a check against experimental bias.
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10.

III. Discussion

In conclusion, we may say the following. If our assumptions are
Justified, a completely isotropic distribution means that it is very
likely the XK' has spin zero, If the K' has spin one, there is some
anisotropy in the variables 61, 62 or Qg , unless the parameters
specifying the interaction have the unique values given in Eg. (12). In
addition, it is apparent that if the X' has spin one, measurement of
the degree of anisotropy provides enough information to determine the
parameters R, x, and cos df which characterize the annihilation
into K'K',~.If the amplitude for orbital engular momentum I=3 cannot
be neglected, the conclusions of the last two éentences-must be modified.
In fhis case (see appendix) the. three angular distributions are giﬁen
in terms of five, rather than three parameters. It is apparent that
for isotropy with respect to all three angles, three relationships would

still have to be satisfied by these five parameters.

We now discuss validity of our assurptions., If the KXK' has spin
greater than one, or if the 5 p annihilation sometimes occurs in a
P-state, the angular distributions are not given by the expressions
obtained here. UNevertheless, it remains true that w(el), W(Gz) and
W(QD) are independent in the sense that the isotropy of one does not
imply the isotropy of the others. fThercfore, it is still unlikely that
W(61), w(ez) and W(Qa) will all be isotropic unless the K' has
gspin zero. We also remark that d'Espagnat 7 has made a proposal to

check whether P p annihilation occurs from the S~state.

Bvidence as to whether the K! decays as a free particle can
be obtained from experiment. If the decay is free, conservation of
parity requires that cqual number of 7T[° 's must be emitted forward
and backward with respect to the direction of the X', Any forward-

backward asymmetry indicates either that the decay is not free or that
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‘_11,

there are background events. The events in which the decay is not free
will in general not only alter the observed angular distribution; but

will alter the momentum spectrum as well. In other words, the width of

the K' ﬁill appear. to be greater than 16 MeV if there are an appreciable
number of non-free decays. For this reason, these events may be considered

together with other background events. - %

Next consider a ‘background of KK T T events. These events can
be grouped into two classes : those arising from P+p —2 K+K+ m*,
and those arising from other causes. As mentioned previously, d!'Espagnat,
3)

Prentki and Yamaguchi have shown that it is possible to eliminate

events arising from the TI'T resonance. Th_e interested reader is referred
to their paper for details 8) .

Finally, consider a background of "other" KK T T events. These
background events will have a different momentum spectrum from the K'K!
events, so the fraction of background events can be determined. Unless
this fraction is very small, it requires a rather elaborate analysis to
obtain information about the spin of the K'. We merely sketch one

possible method of analysis.

Away from the region of phase space corresponding to K'K!
production, there will be an angular distribution due entirely to back-
ground events. This will have the form, say, {ZL e iPi(cose)‘ 2,
where the € 5 are parameters. In the resonance region of phase space;
the distribution will be ’Z (Ofi+ éi)Pi(cose)" 2 , where the ¥ i
are known in terms of at most three unknown parameters if assumptions 1)
and 2) are valid and if I=3 is excluded. These parameters are R, x
and O if the XK' has spin 1 ; if the spin is zero, only X , s
different from zero. Since the El can be determined in the non-resonant
region, some information can be obtained about the « i if the Gi
are assumed to vary smoothly through the resonance. It may be necessary
to repeat this process for the angles 62 and (e » but in a favourable
case one should be able to obtain enough information to decide between spin

zero and one.
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APPENDIX

If the amplitude for P p annihilation into K'RK' with I=3
is not negligibly small, the analysis is more complicated. Let the

J=1 amplitude be d:[ . Then

C{‘M =AMy BN

where Alf is given by Eq. (5) and Brf is the contribution from the

I=3 state. It is

B1=4Z (1 pomld3a Ml \’G

where d is an additional eomplex. parameter,

The angular distribution W(61) becomes

w(g,) «< (4 R-~Qx+ R/~ P3+z+-z>gmé

+H{R+2ARAH IR 2Ry - 22 L 27) w0t

2059
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14.

2 DI :
O L = R IRTER L T

and é;' is the phasé difference between b and 4. Tﬁe'angular

correlation w(ez) is
\A/(@)oc(———+loRx+ }Q)Sm"*@

-+ (3| 2 Kx +§2~R )cos

Fihéliy; W(Q?j becomés
W(e) < | + 3R + 3R/

(1= 2R+ ERC-2R+ 2Ry 22 4 221052

These angular distributions may all be isotropic for certain values of
the parameters, but it would require a three-fold coincidence for this to
occur, i.c, three relationshipswould have to be satisfied by the 5

parameters R,R1,x5 Jt é\ for isotropy.
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